The results of a test program incorporating a dual hot-wire aspirating probe to radially survey the exit flowfields of two axial-flow transonic fans are presented. The probe measures time-resolved total temperature and total pressure, from which the instantaneous isentropic efficiency is calculated. A technique for quantifying the randomness in an unsteady turbomachine flowfleld is developed. Randomness is quantified by blade wake aperiodicity (variation of blade passage period) and non-uniformity (variation of blade wake shape). A method of ensemble averaging instantaneous data is presented which produces an identifiable blade passage wake profile even in a random flowfield where traditional techniques often fail. The flowfield randomness for the two fans is shown to correlate well with the respective tip losses. Results also show that the overall efficiency of the best blade on a fan rotor can be 0.5% higher than the performance of the rotor overall average or as much as 0.7% higher than the worst blade on the rotor.
INTRODUCTION
Tip losses in fan and compressor stages have long been observed by researchers (Kerrebrock, 1981; Ng and Epstein, 1984; Hathaway, et al., 1985) . Reducing the tip losses in these rotors is one means of achieving overall higher efficiencies for these machines. Tip losses are typically explained as being the result of the combined effects of the inlet casing boundary layer, the tip clearance leakage and the shock wave losses. A desire for time-resolved measurements evolved in hopes that an increased understanding of the flowfield unsteadiness would more completely explain the source of the tip losses. Understanding these losses is of utmost importance, if any further improvement in efficiency is to be achieved in the future. For today's high by-pass engines, an increase in fan efficiency of 1% can decrease fuel consumption by 0.7% (Kerrebrock, 1981) .
A dual hot-wire aspirating probe was used to obtain unsteady aerodynamic data at the exit of two axial-flow transonic fan rotors. The probe measured time-resolved total temperature and total pressure along the span of the exit flowfield, and these measurements were then used to calculate the isentropic efficiency of the rotor. When reviewing the timeresolved data for the two fans, it became apparent that the flow near the rotor tip, where the highest losses were occurring, was extremely random in nature. Blade passages were difficult to identify, they did not occur evenly in time, and they were of no repeatable shape or form. To better document this observation, a new technique for quantifying the randomness of a turbomachinery flowfield was developed. The randomness was calculated for each radial station surveyed and then compared to the trend of total losses in the flow.
To facilitate the above analysis, a technique was developed to determine ensemble averaged blade passage profiles regardless of the apparent level of randomness in the flowfleld. Traditional methods of ensemble averaging by indexing from a once-per-revolution signal did not produce profiles with discernable wake and core flow regions at the highly random blade tip region. Not only did the new ensemble averaging technique yield ensemble averaged profiles at the highly random tip flow, but it also provided the basic method for calculating the randomness.
The objective of the research was to provide previously unavailable time-resolved data to further the understanding of the flow and aid in determining the source of the losses located near the rotor tip. Even though the exact cause of the losses was not determined, it is important that the randomness calculation and ensemble averaging method have added two techniques to aid in understanding turbomachinery flowfields, and the data presented herein have increased the base of information on tip losses in transonic fan rotors. This work is only a portion of a continuing effort to explain rotor losses in turbomachinery. It is also important to note that this effort has produced time-resolved measurements of total temperature and pressure, and efficiency, when most of the time-resolved measurements in the literature are of total pressure only.
EXPERIMENTAL PROCEDURE

Facilities and Rotors
The first fan-stage tested will be referred to as Rotor A. It is a shroudless axial-flow transonic fan that was developed by Pratt & Whitney for a high bypass engine. The rotor is comprised of 18 blades and there are 24 exit guide vanes located downstream of the rotor in the core-flow bypass duct. The outside radius of the rotor is 0.4064 m, resulting in a hub/tip ratio of 0.426 at the rotor leading edge. The design speed for the rotor is around 6823 rpm, resulting in a blade tip speed of 290.5 m/s. The data presented in this paper correspond to the operating conditions of 100% design speed, near choke and near peak efficiency, and 67% design speed, at an operating point halfway between the operating line and the surge line.
The second fan-stage tested will be referred to as Rotor B. It is also a shroudless axial-flow transonic fan developed by Pratt & Whitney for a high bypass engine. The number of blades on Rotor B is 20 and the outside rotor radius is 0.4064 m. The design speed for this particular rotor is approximately 10759 rpm, resulting in a blade tip speed of 461.9 m/s. In this paper, only one operating condition is presented for this rotor, that being 100% design speed, peak efficiency. A summary of design parameters for both rotors is given in Table 1 . The main difference between the two fan rotors is the blade tip speeds; Rotor B has a 64% higher blade tip speed than Rotor A. Both Rotor A and Rotor B were tested in the same test rig and in the same facility. A schematic of the test rig is presented in Figure  1 . The test rig contains a sub-scale model of the rotor and exit guide vanes with the bypass splitter positioned between the rotor and exit guide vanes. Sub-ambient air is drawn through an inlet duct to smooth out any large scale non-uniformities in the flow entering the fan stage. After passing through the rotor and exit guide vanes, the flow exhausts to the atmosphere. An electric motor drives the fan at the desired rotational speed. Valves downstream of the stage adjust the pressure rise experienced by the flow, and the fan's by-pass ratio may be adjusted by applying different levels of suction or pressure to the duct and core streams. A detailed description of the facility is available in Norton et al. (1989) .
The aspirating probe was located at 1.8 and 0.7 rotor axial chord lengths downstream of the rotor trailing edge for rotors A and B, respectively. Also, data could not be taken close to the hub for either Rotor A or Rotor B, due to the location of the bypass splitter (see Figure   1 ).
Instrumentation
The dual hot-wire aspirating probe was designed specifically for measuring total temperature and total pressure fluctuations in an unsteady turbomachinery environment. Figure 2 is a schematic of the probe. The Tw = wire operating temperature Rw = resistance of a hot wire at the operating temperature R. = bridge resistance in series with a wire V = anemometer bridge voltage recorded for a hot wire f = hot wire length d = diameter of a hot wire A' = throat area at choked orifice A, = channel area at the wire plane a = calibration constant #1 for a wire m = calibration constant #2 for a wire (same wire as above) k = fluid thermal conductivity µ = viscosity of the fluid y = ratio of specific heats R = gas constant for air PT = total pressure of fluid being measured TT = total temperature of fluid being measured. r = ratio of static to total temperature of fluid being measured. To determine the calibration constants for each hot wire, a static calibration of the probe is performed. During this procedure, the probe is placed in a calibration tank that is fitted with pressure transducers and thermocouples. Tank pressure, tank temperature, and the anemometer bridge voltages for each hot wire are then recorded as the tank pressure and temperature are varied and allowed to come to static equilibrium. The calibration constants, which are different for each hot wire, are then obtained using this information in conjunction with equation 1.
Referring back to equation 1, once the probe design, anemometer voltages, and calibration constants have been determined, the only unknowns remaining are P T and TT. Since two voltage measurements are obtained simultaneously (one for each hot wire) by operating the wires at different temperatures in separate anemometer circuits, the two unknowns, PT and TT, can then be determined from the two equations. This assumes that both wires instantaneously experience the same flowfield fluctuations and this has been verified to be an accurate assumption by Ng and Epstein (1983) . The time-resolved isentropic efficiency can then be calculated directly from the measured P T and TT.
As a consistency check, a Kulite high frequency impact-type pressure transducer was mounted adjacent to the aspirating probe. A picture showing the arrangement of the two transducers is presented in Figure 3 . As mentioned, total temperature and total pressure measurements may be obtained from the two hot wires. However, previous experience (Ng and Epstein, 1983) indicates that using one hot wire plus the Kulite transducer generally yields more accurate results. Therefore, all data presented in this paper were obtained by using one hot wire and the Kulite transducer. This reduction was accomplished by using the known Kulite total pressure and hot wire voltage in conjunction with Equation 1 to back out the unknown total temperature. When the combined noise levels of the aspirating probe and the Kulite total pressure transducer are taken into account, the resolution of the total temperature measurement is 0.63 K (or 0.21 %), that of the total pressure measurement is ±0.038 kPa (or 0.04%), and that of the isentropic efficiency measurement is 2.4% il. The accuracy of the measurements is dependent on the uncertainty in the level of the dc voltage shift between the pre-run and post-run calibrations. Hot-wire anemometer day-to-day drift and Kulite amplifier drift combine to result in a total temperature accuracy of 1.87 K (or 0.63%), a total pressure accuracy of 2.0 kPa (or 1.94%), and an isentropic efficiency accuracy of 5.1% n.
More detail on this error analysis can be found in Alday (1991) .
The ratio of aspirating probe width to blade spacing at mean blade span was 0.027 for Rotor A. However, since the Kulite pressure transducer and the aspirating probe are mounted side-by-side, spatial resolution poses a potential concern. An error is manifested in a time lag between the hot wire signal relative to the Kulite pressure transducer signal. An analysis of this was performed for Rotor A, concluding the time lag to be 60 µs, which represented 12% of the blade passage period at 100% design speed (Alday, 1991) . This time lag is equivalent to three data points, and was accounted for by reducing the first Kulite data point with the fourth hot wire data point to calculate temperature and efficiency, and so on throughout the data set. The resulting efficiency and total temperature traces obtained by accounting for this time lag were extremely similar both in general shape and overall level to the traces obtained by not accounting for a time lag. Consequently, all of the data presented in this paper was calculated without regard to a time lag. More detailed information of the time lag analysis is included in Alday (1991) . This simple time lag shift analysis does assume that the oncoming flow properties would not change significantly as they travel from the Kulite to the hot wire probe.
The probe was positioned so that its axis was aligned with the mid-span mean exit flow angle in the absolute reference frame. The probe axis alignment was not varied as a function of span. The probe is insensitive to flow angle up to ± 12.5°. Between data runs, the probe was retracted into a recess in the rig casing such that it was not exposed to the continuous flow in the rig.
All data were digitized on line and stored in the computer for further analysis. A summary of the data acquisition parameters for both fan rotors is included in Table 2 . 
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Fig. 5 Examples of Types of Randomness
METHOD OF DATA ANALYSIS
When reviewing the instantaneous data of the two fans at different radial locations, it was noticed that data taken near the tip of the fan blades appeared to be very random in nature, while closer to the hub the data appeared quite orderly. Note that 100% span corresponds to the blade tip, while 0% span refers to the blade root, where it joins the hub. Figure 4 shows example revolutions portraying these characteristics near the tip (96% span) and near the splitter (31 % span) for Rotor A. On further analysis, it became apparent that two different types of randomness existed, aperiodicity and non-uniformity. Figure 5 is a schematic which illustrates these two different types of randomness. The flow coming from blade passages occur evenly in time and maintain the same shape from one blade passage to the next in case (a). These blade wakes are periodic and have uniform amplitude. In case (b), the blade passage wake minima are not evenly spaced in time relative to one another, but the shape of the wakes remain unchanged from one blade wake to the next. This type of randomness was termed aperiodicity. In case (c), the shape of the wakes vary greatly from one passage to the next, but they are still evenly spaced in time. The depth of the wake, as well as its width, cannot be predicted. This variation in wake shape was not due to geometric differences between blades as it was not repeatable from one rotor revolution to the next. It is perhaps driven by flow unsteadiness inherent in the flowfield. This type of randomness was termed nonuniformity. The most general case is depicted in case (d), where nonuniformity and aperiodicity co-exist.
As stated above, the data for the two fans showed an obvious increase in the level of randomness near the rotor blade tips. Since the primary objective of this research was to investigate the losses near the tip of the rotor, then an obvious question arose; Are the tip losses related to the randomness of the flow? Before this question could be answered, the two types of randomness needed to be more accurately quantified. In an attempt to quantify the randomness, a method of ensemble averaging was adopted. The conventional once-per-revolution method (OPR) of averaging the cyclic data measured in the flowfield of a rotating machine is a simple and effective technique of ensemble averaging. However, in cases where the flow is very random, as discussed above, OPR ensemble averaging does not always yield a characteristic blade passage profile which has identifiable wake and core flow regions. In an effort to determine characteristic features in a random flowfield, a different method of ensemble averaging was developed. In this method, the averaging is indexed from the blade passage wake minima. Thus, an attempt is made to preserve the integrity of each wake profile throughout the averaging process, and hence it is named the wake preservation method (WPM) of ensemble averaging. A similar method was also used by Norton at al., (1989) to ensemble average LDV data.
In this method, the wake minimum of each blade passage indexes the averaging process. The complete instantaneous data set for each radial station is read once to determine the location of the wake minima based on a specified search window width. Each blade passage is then defined to be bounded by the data points halfway between the adjacent wake minima and the minimum of the passage being defined. Figure 6 shows three typical blade passages, their associated wake minima, and the blade passage boundaries as defined by the WPM program. With the boundaries of each blade passage now defined, as well as the location of the wake minimum, it is quite easy to calculate an average characteristic wake profile on the second reading of the data by lining up all the wakes by their minimums and then performing the averaging process. This ensemble averaging technique was used to produce a single characteristic blade passage profile for each radial station surveyed. Characteristic profiles calculated using the WPM on the 100% speed data for Rotor A are presented in Figure 7 . Note that approximately 30 rotor revolutions of data went into each characteristic wake profile shown in Figure 7 . Since there were 18 blades/revolution, this equates to approximately 540 averaged blade passages for the WPM characteristic profiles shown. Note that both the near tip (96% span) and near splitter (31% span) profiles have identifiable wake and core regions, as expected from the WPM. An analysis was also performed using 35 rotor revolutions (or 630 averaged blade passages) and the characteristic profiles did not change. These profiles can now be used to quantify flow randomness. To quantify the aperiodicity of the data at each radial location, aperiodicity was defined to be the deviation of individual blade passage periods from the mean blade passage period. With this definition in hand, developing a method of calculating the aperiodicity became quite simple. First, the wake preservation method of ensemble averaging was used to locate the minimum of each blade passage in the data. The period of any given blade passage was then defined to be the time between two adjacent wake minima. By reading the time resolved data files for each radial location, and calculating the period of each individual blade passage, histograms such as those shown Note that the distribution near the tip is very broad and each period occurs roughly the same number of times. Conversely, the histogram near the splitter shows a Gaussian type distribution about the mean blade passage period. Note that 30 rotor revolutions (or 540 blade passages) were used to obtain the histograms shown, furthermore it was found that using 35 rotor revolutions (630 blade passages) did not significantly change the histograms. It was also found that the shape of the distributions shown in Figure 8 is not a strong function of the width of the blade passage search window used to define the individual blade passage boundaries (Morris, 1992) . This was based on a search window varying from 24% to 48% of the mean blade passage period. Window widths outside this range have difficulty in identifying consistent blade wakes.
An overall aperiodicity at each radial location is defined as the standard deviation of the blade passage period distribution for that radial station. In order to non-dimensionalize the aperiodicity, it is reported as a percent of the mean passage period.
3.2.2 Non-uniformity. Quantifying the non-uniformity was only slightly more difficult than the aperiodicity. The non-uniformity was defined to be the variation in shape of the individual blade passage profiles from the average blade passage profile. This quantity could then be calculated at each radial location. The WPM ensemble averaged characteristic blade passage profiles mentioned in the previous section were used as the mean for calculating the root mean square (RMS) fluctuations of the time-resolved data. These mean characteristic wake profiles ( Figure 7 ) contained 25 data points across the blade pitch and were obtained by averaging 540 individual blade passages. The mean profile was then used in conjunction with all the corresponding raw individual blade passages to calculate the RMS fluctuation. The calculation was applied to each pitch-wise data point in each of n blade passages.
The RMS fluctuation calculation was performed as
With j = 1,2,3,...,NPITCH, where NPITCH is the number of data points across one blade pitch; and with i= 1,2,3.....n, where n is the number of individual blade passages over which the RMS fluctuation was calculated. Also, x1 is the RMS fluctuation (for a given j along the blade pitch), xi is the instantaneous quantity from all the individual raw blade passages (for a given j along the blade pitch), and i^ is the WPM ensemble averaged quantity (for a given j along the blade pitch).
At each radial location the RMS fluctuation was calculated for each point along the characteristic WPM wake profile and resulted in an RMS fluctuation profile for each radial station. Typical examples are shown in Figure 9 . The RMS values are expressed as a percentage of the mean. Also, these RMS fluctuations were obtained using 30 rotor revolutions (i.e. j=25 and i=540) Note that the minimum fluctuation value near the tip is much higher than the maximum value near the splitter, and that the maximum fluctuation near the splitter occurs in the blade wake, as is expected. Note also that the maximum fluctuation at the tip is located in the core flow. Once the RMS fluctuation profile for each radial station was calculated, the non-uniformity at that station was simply the arithmetic average of that profile.
This section has explained the method of ensemble averaging used during the processing of the data, and outlined the techniques employed to quantify the randomness of a turbomachinery flowfield. The randomness was subdivided into aperiodicity and non-uniformity, and the method of calculating each was presented. The results of these techniques as applied to the two fan rotors tested will be presented in the following section.
4. RESULTS
The aperiodicity and non-uniformity analysis was performed on the time-resolved isentropic efficiency data for the two fan rotors at all spanwise locations, and is compared to the total losses for each rotor. This is performed to see if a correlation exists between the total losses and the randomness for each rotor. Efficiency is dependent on both total temperature and pressure, and therefore should be the best single quantity to analyze in the flowfield. Also, efficiency is at a minimum in the rotor wake, and this is consistent with the indexing from the blade passage wake minima of the WPM. Furthermore, it makes intuitive sense to compare the trends of the efficiency randomness with the trends of the total losses. It is important to note that aperiodicity and nonuniformity were not calculated to predict the losses, but rather to determine if these unsteady phenomena follow the same trend as the steady-state losses. If they do follow the same trend, then it is conceivable that tip losses are related to aperiodicity and non-uniformity, and that the source of the randomness may also be the source of the losses. 
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With n representing the isentropic efficiency and y denoting the ratio of specific heats for air. P. and T. are the total pressure and total temperature measured by conventional, standard steady-state instrumentation downstream of the rotor. PTI and TTI are the total pressure and total temperature measured upstream of the rotor in the settling chamber, again with steady-state instrumentation. The total losses are then defined by
The aperiodicity values at each span were calculated as the standard deviation of the blade passage period distributions (Figure 8 ) and non-dimensionalized by the mean blade passage period. Figure 10 also presents similar data calculated for the 100% speed point for Rotor B. Figure 10 shows that the aperiodicity and total losses definitely follow the same trends for each rotor. The total losses versus span with non-uniformity for Rotors A and B appear in Figure 11 . The nonuniformity values at each span were calculated as the arithmetic average of the RMS fluctuation profiles (Figure 9) . Again, the similarity in trend between the non-uniformity and the total losses for Rotor A and Rotor B is striking. The trend for both aperiodicity and non-uniformity is closer to that of the total losses for Rotor A than for Rotor B. Even the slight increase in losses at 40% span is evident in the aperiodicity and non-uniformity plots for Rotor A. Results for the 100% speed case for Rotor A for both near peak efficiency and near choke conditions, are similar to the above 67% speed case, i.e. for both operating conditions, they show that the aperiodicity and non-uniformity correlate very well with the tip losses. Figures 10 and 11 show that the randomness and total loss trends for Rotors A and B match extremely well, which indicates that randomness and total losses correlate very well for these two fan rotors. The tip losses in both rotors results in high levels of aperiodicity and nonuniformity. It is plausible that whatever phenomena was causing the higher randomness at the tip was also responsible for the higher losses at the tip.
DISCUSSION
The typical once-per-revolution (OPR) ensemble averaging process was used to obtain contour plots of isentropic efficiency for both fan rotors. Figure 12 displays the results for Rotor B. Some interesting observations can be made regarding this contour plot. Blade wakes and core regions are easily identified. The highest levels of efficiency occur in the core area from approximately 50% to 85% span. The regions of lowest efficiency are located near the blade tip and they practically extend across all blade passages. Similar results are obtained for Rotor A (Morris, 1992) .
Contour plots of RMS fluctuations of isentropic efficiency were obtained by comparing a typical OPR ensemble averaged blade profile to each blade profile in the analogous instantaneous data set. The OPR RMS contour plots for both Rotors A and B showed very identifiable wake and core regions and appeared similar to one another. These two rotors are both axial-flow fans with similar flowfield behavior. It should be pointed out again that the measurements were taken at 1.8 and 0.7 axial chord lengths downstream from the rotor trailing edge for Rotor A and Rotor B, respectively.
It is also worth mentioning the differences in the inlet relative Mach numbers for the two transonic fans. For Rotor A at 100% design speed the inlet relative Mach number at the blade tip and hub is approximately 1.1 and 0.7, respectively. For Rotor B, at 100% design speed, the corresponding values are 1.5 and 0.7. Thus, for Rotor A the flow is barely supersonic at the tip.
The tip losses observed in both fan rotors could be the result of a combination of factors. Kerrebrock (1981) noticed that the actual losses in a transonic compressor exceed the sum of the maximum expected shock losses and the viscous losses which could be expected in the absence of shock interaction. He then hypothesized that the total losses arose in large part from the unfavorable interaction of the viscous flow with the shock system. This unfavorable shock/boundary layer interaction, along with tip leakage and possible flow separation, would induce tip losses.
5.1
Best Blade versus Rotor Average
Using the OPR ensemble averaging method on the time-resolved efficiency data, one can obtain a characteristic average profile for the entire rotor revolution, showing the average passage of each individual blade on the rotor. An overall rotor time-averaged efficiency can then be calculated by averaging all the individual blades together (Hobbs, 1990) . Figure 13 shows the overall time-averaged efficiency for all the blades for Rotor B at 100% speed as a function of span. In addition, a single blade that has the highest efficiency averaged across the entire span ("best blade") was plotted for comparison. It was found that if all blades behaved like the "best blade" the rotor overall efficiency would be 0.5% higher. It was also found that the "best blade" was approximately 0.7% better than the "worst blade" on the rotor. The differences here are most likely due to manufacturing and assembly tolerances. This observation is not contradictory to a statement made earlier in the paper, where it was stated that the variation in wake shape was not necessarily due to geometric differences. The results here are based on the OPR ensemble average of the entire rotor, whereas the previous analysis on randomness was based on the WPM. From the designer's standpoint, it is of course desirable to "tune" all the other blades to have them perform like the "best blade". The potential gain in efficiency, at least in principle, could be as high as 0.5% point in rotor overall efficiency.
.
CONCLUSIONS
A dual hot-wire aspirating probe was used to measure the unsteady total temperature and pressure along the span of the exit flowfields of two axial-flow transonic fan rotors. A technique for quantifying the randomness of an unsteady flow in a turbomachine was developed. It was shown that a good correlation exists between randomness and losses for the two fans. It is hypothesized that whatever was the driving force for the high tip randomness was also responsible for the tip losses. Furthermore, it was observed that for Rotor A, the good correlation between randomness and total losses was not a function of the operating condition of the rotor.
The time-resolved efficiency data also allow individual blade performance to be evaluated, and the result shows that the best performing blade is operating at 0.5% point higher efficiency than the average blade in the fan-rotor, and at 0.7% points higher than the worst blade on the fan-rotor.
